Chloroplasts isolated from powdery mildew-infected (E,ysiphe polygoni DC) sugar beet leaves (Beta vulgaris L) showed a reduction in the rate of electron transport and in the accompanying ATP formation in noncyclic photophosphorylation (water as electron donor, NADP as electron acceptor) and little or no change in the rate of ATP formation in cydic photophosphorylation catalyzed by phenazine methosulfate. The inhibition of noncyclic photophosphorylation appeared to lead in the parent leaves to a decreased rate of photosynthetic CO2 assimilation and a shift in products resulting in a relative increase of amino acids. These changes were accompanied by alterations in chloroplast ultrastructure and by a reduction in the activity of enzymes necessay for the formation of organic adds (phosphoenolpyruvate carboxylase and malate dehydrogenase). These results are similar to the findings of Montalbini and Buchanan (1974 Physiol. Plant Pathol. 4: 191-196 It has recently been observed that infection by rust fungi inhibits photochemical reactions of chloroplasts (14), perhaps by effecting the production of a substance, functionally similar to DCMU, which preferentially inhibits electron transport and ATP formation by noncyclic photophosphorylation but does not appreciably affect ATP formation by cyclic photophosphorylation. These findings raise the question whether there is a similar inhibition of noncyclic photophosphorylation by another group of parasites, the powdery mildew fungi, which could account for the reduced capacity of diseased plants to produce sucrose (24) .
Although the effects of certain etiological agents on the physiological processes of host plants have been studied extensively, investigations with obligate parasites, an important group of plant pathogens, are scanty and in part contradictory. While it is generally agreed that obligate parasite infections consistently increase the rate of respiration (23, 27) , conflicting reports indicate that such infections can either decrease (1, 2, 9, 15-17, 21, 22) or increase (1, 9, 26 ) the rate of photosynthesis. Little is known about the effect of obligate parasites on photosynthesis at the chemical level.
It has recently been observed that infection by rust fungi inhibits photochemical reactions of chloroplasts (14) , perhaps by effecting the production of a substance, functionally similar to DCMU, which preferentially inhibits electron transport and ATP formation by noncyclic photophosphorylation but does not appreciably affect ATP formation by cyclic photophosphorylation. These findings raise the question whether there is a similar inhibition of noncyclic photophosphorylation by another group of parasites, the powdery mildew fungi, which could account for the reduced capacity of diseased plants to produce sucrose (24) .
An answer to this question seemed particularly timely in view of the unusually high incidence of powdery mildew on sugar beets during 1974 and 1975 throughout the United States, particularly in California (8, 18 One disc was counted to determine the rate of photosynthesis (10) , and the second was used for product analysis (19, 20) . As indicated, additional points were taken for rate determinations.
Cydic and Noncyclic Photophosphorylation by Isolated Chloroplasts. Five to 6 g of healthy or infected leaves were deveined, washed, and blended for a few seconds in a micromonel cup of a Waring Blendor containing 32 ml of the following preparative solution: 0.5 M NaCl, 0.04 M Tricine buffer (pH 8.2), and 0.01 M Na-ascorbate. The resulting slurry was filtered through four layers of filtering silk and centrifuged for 1 min at 3,700g. The chloroplast pellet was resuspended in a small amount of preparative solution, and the Chl content was determined according to Arnon (3) .
Cyclic and noncyclic photophosphorylation were carried out under a nitrogen atmosphere in Warburg vessels as previously described (10) . For cyclic photophosphorylation, the reaction mixture (in a Warburg vessel) contained (M): Tricine buffer (pH 8.2), 0.1; MgCl2, 0.005; ADP, 0.005; 32Pi, 0.005; PMS, 5 x 10-5; and chloroplasts equivalent to 0.05 mg of Chl. Final volume was 1 ml; light intensity, 20,000 lux; gas phase, nitrogen; temperature, 20 C; reaction time, 5 min. Noncyclic photophosphorylation was also measured in spectrophotometric cuvettes, and the concomitant changes in absorbance at 340 nm were recorded with a modified Beckman DU monochromator equipped with a Gilford 200 absorbance indicator (13) .
AT32P formation in cyclic and noncyclic photophosphorylation was determined as previously described (10) . Radioactivity was measured with a Geiger-Muller counter.
Enzyme Assays. For assay of phosphoenolpyruvate carboxylase and malate dehydrogenase, 2 g of leaves were ground at 5 C with sand in a mortar containing 7 ml of a buffer solution of 40 mM Tricine (pH 8.2) and 5 mm Na-ascorbate. The slurry was centrifuged at 48,000g for 15 min. Protein concentration of the supernatant fraction was measured by a modified phenol method (10) and then adjusted to 4 mg/ml. For assay of malate dehydrogenase, the oxidation of NADH in the presence of oxaloacetate was measured in a Cary Model 14 spectrophotometer. PEP3 carboxylase was assayed spectrophotometrically by measuring the oxaloacetate formed from PEP and CO2 in the presence of malate dehydrogenase and NADH (10) .
Ultrastractural Changes. Leaf tissues for electronmicroscopic examination were fixed in 2% glutaraldehyde, dehydrated, and stained with uranyl acetate (6) . Leaf (14), we examined activities of these two processes in six preparations of chloroplasts isolated from healthy and powdery mildew-infected leaves. The results indicate that ATP formation by PMS catalyzed cyclic photophosphorylation was little affected by infection (204 versus 198 ,umoles of ATP formed/mg of Chl-hr for healthy and infected chloroplasts, respectively), whereas ATP formation by noncyclic photophosphorylation with NADP as acceptor was reduced (Table I). In general, there was a 20 to 30% reduction of ATP formation in noncyclic photophosphorylation in chloroplasts from infected leaves, as compared to their healthy counterparts. Such a reduction in noncyclic photophosphorylation could result either from a specific uncoupling or from an inhibition of electron transport from water to NADP. On the basis of the stoichiometry observed (ratio of ATP formed per two electrons transferred from water to NADP), there was, as shown in Table I , no appreciable difference in coupling between chloroplasts from healthy and infected leaves. It appears likely that powdery mildew infection reduced ATP formation selectively by inhibiting noncyclic electron flow rather than by specifically uncoupling photophosphorylation. Similar results were obtained by Montalbini and Buchanan (14) with chloroplasts from rust-infected Vicia faba leaves.
CO2 Fixation of Healthy and Powdery Mildew-infected Leaf Discs. In view of the reduced capacity of chloroplasts from powdery mildew-infected leaves to catalyze noncyclic photophosphorylation, the question arises whether infection affects photosynthetic "4CO2 assimilation -a process dependent on the products of noncyclic photophosphorylation, namely reduced ferredoxin (or NADPH) and ATP. As shown in Figure 1 , powdery mildew markedly decreased the rate of "4CO2 assimilation by leaf discs. Based on Chl content, the rates of fixation by 'Abbreviations: PEP: phosphoenolpyruvate; PMS: phenazine methosulfate; 3-PGA: 3-phosphoglycerate. uninfected leaf discs were as high as 153 Lmoles of CO2 fixed/ mg Chl-hr, whereas those of infected leaf discs were consistently about half of that value. It is noteworthy that repeated analyses of healthy and infected leaf discs revealed the absence, on an area basis, of a significant difference in Chl content.
Products of CO2 Assimilation. An indication that the reduction in the rate of "4CO2 assimilation induced by the pathogen was due to a reduced capacity for noncyclic photophosphorylation came from product analyses that revealed a striking difference between healthy and infected leaves. Compared with their healthy counterparts, after 5-min photosynthesis, infected leaves showed increased amounts of "4CO2 fixed into amino acids and decreased amounts of "4CO2 fixed into 3-PGA, sucrose, and other sugars (Table II) . There were respective increases of 6-fold and 3-fold in the labeling of alanine and glutamate + aspartate, compared to decreases of 50% and 25% in 3-PGA and sucrose. A similar shift to amino acids was reported for squash leaves infected with squash mosaic virus (10) and in Chinese cabbage leaves infected with turnip yellow mosaic virus (4). In the case of squash, a change in photophosphorylation did not appear to be involved.
There was a slight reduction in organic acids formed by diseased leaves (Table II) . Such a reduction may be due to the reduced activity of PEP carboxylase and malate dehydrogen-MAGYAROSY, SCHURMANN, AND BUCHANAN ase that was observed in this investigation in cell-free extracts from powdery mildew-infected leaves. Malate dehydrogenase and PEP carboxylase activities in leaf extracts were 37% and 50%, respectively, of the activities in extracts from healthy leaves. The reduction of enzyme activity in extracts from powdery mildew-infected leaves is to be compared with a previous report of an increase in activity of PEP carboxylase in extracts from rust-infected leaves (25) .
Changes in Ultrastructure of Chloroplasts from Powdery Mildew-infected Sugar Beet Leaves. Because change in chloroplast ultrastructure could accompany a change in chloroplast activity in diseased leaves, we examined by electron microscopy the chloroplasts of powdery mildew-infected sugar beet leaves. This examination revealed that, although the inner and outer chloroplast membranes appeared to be unaffected, infection by the parasite caused a marked change in the morphological organiza- (19, 20 Infected and powdery mildew-intion of the stroma and grana regions of chloroplasts (Fig. 2) . 
CONCLUSIONS
The present results provide evidence that powdery mildew (on sugar beets) resembles rust (on Vicia faba) in effecting a preferential inhibition of noncyclic photophosphorylation by chloroplasts of host leaves. The inhibition in both cases stems from a diminution in electron flow from water to NADP and, in the case of powdery mildew, leads to an inhibition of photosynthetic CO2 assimilation and a shift in products that can account for the reported reduced capability of infected plants to form sucrose. These changes are accompanied by aberrations in chloroplast ultrastructure and by a decrease in the activity of enzymes leading to the production of organic acids. It is possible that the inhibitory effect on noncyclic photophosphorylation by powdery mildew-infected chloroplasts, as was earlier proposed for rust infection, is the result of the production of a substance that is functionally similar to the herbicide DCMU.
